Magnetic properties of the intermetallic compound NdCo2Si2 are investigated by using the Monte Carlo simulation (MCs) under Metropolis algorithm. The magnetism of the compound is caused by the existence of the rare earth (Nd 3+ ) ions with a magnetic moment taking the value 2.7 µB. Firstly, the ground state phase diagrams are presented and discussed in different planes corresponding to different physical parameters of the system. The stable phases are explored for different configurations of the Hamiltonian of the system. These stable phases are determined by the minimal energies. For non-null temperature values, we compute the magnetizations and susceptibilities behaviors as a function of temperature by using the Monte Carlo simulations (MCS). Also, we present the magnetization behaviors as a function of the exchange coupling interactions, the crystal field and the external magnetic field. Finally, we present and discuss the magnetic hysteresis loops of the intermetallic NdCo2Si2 compound as a function of the external magnetic field for fixed values of temperature and the other physical parameters.
I. Introduction
Recently, many experimental and theoretical investigations have been done in the field of the development of materials and solid state science. This progress is reflected in different domains such as economic, social and scientific etc. Among the topics most studied in solid states we found nano-materials, spintronic materials, graphene and intermetallic compounds [1, 2] .
Generally this family of rare earth based intermetallic materials includes minimum two metallic elements in their composition, their crystal structures are ordered and shows a rich variety of interesting physical properties [3] [4] [5] [6] . The basic form of this series is RMX where the R represents the rare earth and the M stands for the transition metals elements in the periodic table and the X is a non-magnetic element. Many researchers have extracted several properties of this type of materials ranging from superconductivity [7] , nearly ferromagnetic Fermi-liquid, heavy fermion behavior and complex magnetic ordering states [8, 9] , magnetoresistance (MR) [10] . This latter property is very studied because of its utilities in sensors and magnetic memory devices also in high density read head technology [11] which make it an interesting subject of various investigations [12] [13] [14] [15] [16] .
The NdCo2Si2 compound which is part of ternary rare earth based intermetallic family crystallizes in ThCr2Si2-type structure where the plans are stacked in the sequence Nd-Si-Co-Si-Nd along the c axis [17] . Also, it has been found that this compound crystallizes antiferromagnetically bellow TN 32 K [18] .On the other hand, it has been noted a ferromagnetic alignment of the moments in the layers perpendicular to the c-axis. The magnetism in this compound is due to the Nd atoms (Nd 3+ ).
This family of intermetallic compound series of RT2X2 was the goal of several investigations in many interests such as developing high-temperature in superconductors [19] [20] [21] [22] [23] . Physical properties are also extracted of the ternary intermetallic CaFe2As2 compound like electronic and magnetic properties [23, 24] . John T. Sypek et al have been reported the superelastic behavior in this intermetallic compound [25] . In addition, the series of the RECo2Si2 (RE = rare earth) intermetallic compounds are extensively studied where they are focused on the magnetoresistance (MR) phenomena [26] [27] [28] [29] [30] .
The aim of this work is to investigate the magnetic properties of the intermetallic compound NdCo2Si2 using Monte Carlo simulations under Metropolis algorithm. Also we provide the magnetic behavior of the total magnetizations as a function of temperature and physical parameters. This paper is organized as follows: In part II, we provide the model and the used theory. In section III, we present and discuss the obtained results. Section IV, is devoted to the conclusions.
II. Model and theory
The trigonal structure of the intermetallic NdCo2Si2 (see fig.1 .a) is constituted of three type of atoms: 'Nd' which occupies a unique crystallographic site (1a), while both Cobalt 'Co' and Silicium 'Si' are placed in the two sites (4k), (0) for 'Co' and (8r), (0) for 'Si', respectively (see table. 1) [31, 32] .
Since the studied compound (NdCo2Si2) is magnetic, the only magnetic atom with important moment is the rare earth element Neodym (Nd).This compound is widely identified by the Neodym (Nd 3+ ) ions having the spin moment S=5/2, with an effective magnetic moment µeff=2.7 µB. We propose the following Hamiltonian in order to describe the studied system:
With Si=±5/2; ± 3/2; ± 1/2. Where: the notations <…> stand for the summations over the first and second Nd ions with the exchange coupling interactions J1 and J2, respectively (see Fig.1 .b). The crystal field is denoted D and H stands for the external magnetic field. 
III. Monte Carlo simulation study:
In order to study the magnetic properties of the studied NdCo2Si2 compound, we perform Monte
Carlo simulations under the Metropolis algorithm. This method is based on the Markov process using the Hamiltonian of Eq. 1. We start from initial configurations to reach the equilibrium point of the studied system. At each spin configuration, a number of 10 5 Monte Carlo steps are performed; discarding the first 10 4 generated ones. At each Monte Carlo step, the all sites in the system are swept and single-spin flip attempts are made. The principle of the Metropolis algorithm is to accept or reject the exchanges in the spin configurations. The periodic boundary conditions are applied for the finite lattice size. Thus, the calculation of the physical parameters such as the magnetization, the magnetic susceptibility, the specific heat, energy of the system is performed. Such parameters are calculated with the following expressions:
The total energy of the system per site is:
Where N denotes the total number of magnetic atoms in the supercell unit.
The total magnetization of the system:
The total susceptibility and specific heat of the system are:
With: β = , where KB is the Boltzmann constant assumed to take its unit value, T is the absolute temperature.
III. Results and discussions
Based on the equation of the Hamiltonian (1), we compute the energies of all possible 6=25/2+1 configurations. For this purpose, we plot in Fig On the other hand, to inspect the crystal field effect on the stable configurations, we illustrate in Fig.3 the obtained results of the ground state phase diagram in the plane (D, J1) for H=1, D=0 and J2=1. Surprisingly, only the two phases -5/2 and -1/2 are stable in this plane. This is probably due to competition between the applied external magnetic field and the exchange coupling interaction, also to the antiferromagnetic behavior of this system. Also, we found an analogue topology with this figure when we study the effect of J2 in the plane (D, J2) with the same stable phases.
For non-null temperature values, we perform Monte Carlo simulations in order to simulate the magnetic properties of the intermetallic compound NdCo2Si2. In fact, we provide in Fig.4 .a the obtained total magnetizations as a function of temperature for H=J1=J2=1 and several values of the crystal field: D=-2, 0, 3. From this figure, it is found that the decreasing crystal field effect is to reach rapidly the saturation of the total magnetization. This can be explained by the antiferromagnetic behavior of this system. The corresponding susceptibilities as a function of temperature are presented in Fig.4 .b for the same values as Fig.4 .a: H=J1=J2=1 and D=-2, 0, 3.
It is found that the peak of each susceptibility curve is displaced towards higher temperature when the value of the crystal is increased. This is in good agreement with the behavior of the total magnetizations shown in Fig.4 .a.
In order to underline the effect of the crystal field on the total magnetizations, we give in Fig.5 the obtained results as a function of the crystal field, in (a) for T=20 K, J1=J2=1 and selected values of external magnetic field H=0, 1 and -1; in (b) for H= J1=J2=1 with variation of temperature T=15, 20 and 30 K and in (c) for T=20 K, H=1, and several values of the exchange coupling interactions (J1=1, J2=1), (J1=-1, J2=1), (J1=-1, J2=-1) and (J1=1, J2=-1).
It is found that for D< -4, there is no external magnetic field effect on the total magnetizations as it is illustrated in Fig. 5 .a. For D>-4, the saturation sign of the total magnetizations follows the sign of the external magnetic field. In fact, for H=1 the total magnetizations reach their saturation with positive value. While for H=0 or -1, the total magnetizations reach their saturation with negative value. From Fig.5.b , it is seen that for D<-4 there is no temperature effect on the total magnetizations; while for D>-4 the saturation of the total magnetization is reached with a first order transition. In addition, the increasing temperature effect is to decrease the saturation value of the total magnetizations, see Effectively, we provide in Fig.6 .a the variation of the total magnetizations as a function of the exchange coupling J1 for J2=1, H=D=0, T=15 K, T=20 K and T=35 K. It is found that for J1< -1.5, there is no temperature effect on the total magnetizations as it is illustrated in Fig 6. a. For J1>-1.5, the total magnetizations reached its saturation with positive value for T=35 K; while this saturation is reached with negative values for T=15 and 20 K. The effect of varying the external magnetic field is presented in Fig.6 .b for T=20 K, D=0and selected values of the external magnetic field: H=-1, 0 and 1. From this figure, we can distinguish three regions: (i) for J1< -7.5 the total magnetizations are not affected by the variation of the external magnetic field; (ii) in the region -7.5 <J1< 0 the total magnetization undergoes two transitions of first order type before reaching its saturation. In the region (iii) where J1>0, the total magnetizations do not depend on the increasing of the external magnetic field and reach a negative value of their saturation. To show the effect of varying the crystal field on the behavior of the total magnetizations we present in Fig.6 .c, the obtained results for T=20 K, H=0 and selected values of the crystal field D=1, 0 and -1. One can distinguish two regions: (i) for J1<0 the total magnetizations are practically independent on the variation of the crystal field. For the region (ii) where J1>0, undergo a first-order transition before reaching their saturation value. This saturation value follows the sign of the fixed crystal field value.
To see the effect of varying the parameter J2 on the behavior of the total magnetizations, we plot in Figs.7 (a, b and c) the obtained results when fixing the other physical parameters. In fact, Fig.7 .a summarizes the obtained curves as a function of J2, for J1=1, H=1, D=0 and fixed temperature values T=10, 20 and 40 K. From this figure, one can depict that for J2<0 the total magnetizations are weakly affected by the increasing temperature effect. For J2>0, the total magnetizations undergo a first order transition before reaching the saturation value. The competition between the increasing temperature effect and the exchange coupling interaction as well as the antiferromagnetic behavior are present in this figure. The same advanced arguments in Fig.7 .a are still valid in Fig.7 .b, plotted for T=20 K, D=0, when varying the external magnetic field when taking the values: H=-1, 0 and 1. To inspect the effect of varying the crystal field when increasing the exchange coupling interaction J2, we present in Fig.7 .c, the obtained results for T=20 K, H=1 and selected values of crystal field D=-1, 0 and 1. The same behavior of the total magnetizations is found in this figure when varying the crystal field, except for the negative values of this parameter. When we increase the parameter J2, the all magnetizations reach their saturation after a first order transition.
To complete this study, we give in Figs. 8a and 8b , the hysteresis loops of the total magnetizations for the intermetallic compound NdCo2Si2 for a fixed temperature T=20 K. The variation of the crystal field on such hysteresis loops is illustrated in Fig.8 . Finally, Fig. 9 illustrates the behavior of the coercive field as a function of the crystal field for a fixed temperature T = 20 K and the exchange coupling interaction values J1=J2= 1. From this figure it is seen that the coercive field decreases linearly when increasing the crystal field. This decreasing is caused by the competition between different physical parameters namely: the temperature, the exchange coupling interactions and the crystal field. 
IV. Conclusion
In this work we have studied the magnetic properties of the intermetallic compound NdCo2Si2 by using the Monte Carlo simulation (MCs) under Metropolis algorithm. It has been shown that the magnetism of the compound is caused by the existence of the rare earth (Nd 3+ ) ions with a magnetic moment taking the value 2.7 µB. In a first step we have presented and discussed the ground state phase diagrams corresponding to different physical parameters of the system. It is found that the all possible configurations are stable, namely: ±5/2, ±3/2 and ±1/2 and a perfect symmetry is found in the plane (H, J1).
These stable phases are determined by the minimal of energies. For non-null temperature values, we perform Monte Carlo simulations to compute the magnetizations and susceptibilities behaviors as a function of temperature. When plotting the total magnetizations as a function of the crystal field it is found that for D< -4, there is no external magnetic field effect on the total magnetizations. While, for D>-4, the saturation sign of the total magnetizations follows the sign of the external magnetic field. In fact, for H=1 the total magnetizations reach their saturation with positive value. While for H=0 or -1, the total magnetizations reach their saturation with negative value. Finally, we present and discuss the magnetic hysteresis loops of the studied intermetallic NdCo2Si2 compound as a function of the external magnetic field for fixed values of temperature and other physical parameters.
V.
